We report on a method to prepare Pt electrodes with homogeneously dispersed Pt nanoparticles on fluorine-doped tin oxide substrates by adding an organic additive, hydroxypropyl cellulose (HPC), in the Pt precursor solution for thermal decomposition on the substrates. The Pt electrodes prepared with various amounts of added HPC are characterized electrochemically by cyclovoltammetry and electrochemical impedance spectroscopy. The addition of HPC increases the surface area of the Pt electrode and, hence, the electrocatalytic activity. The overall conversion efficiency of a dye-sensitized solar cell is increased by 12.7% by using such a Pt electrode as a cathode.
Introduction
Dye-sensitized solar cells (DSSCs) have attracted a great deal of interests because they are very efficient in terms of energy output per fabrication cost. 1, 2) Numerous efforts have been made to improve the cell performance. As a result, highly efficient anodes, dyes, and electrolytes have been developed to achieve impressively high photon conversion efficiency of 10.4%.
3)
The cathode of a DSSC is responsible for the regeneration of I À ions, which is an essential step for the operation of a DSSC. Among several different materials tried, Pt shows the best performance. [4] [5] [6] [7] [8] Therefore, most of the works on DSSCs have utilized Pt as the cathode material. Pt electrodes are typically prepared by the thermal decomposition of Pt precursor solutions on fluorine-doped tin oxide (FTO) or indium tin oxide substrates. [9] [10] [11] Considering that this method can be sensitive to many factors, it is surprising to see that there have been a few reports on the control of the morphology of the Pt electrode to optimize the performance of DSSCs.
12) Papageorgiou et al. investigated the effects of various factors on the catalytic activities of Pt electrodes, including the solvent used to dissolve a Pt precursor, the thermalization temperature, the preparation method and the amount of Pt loading on the substrates.
Polymeric additives have been widely used in the formation process of solid materials. Although eventually removed during the thermalization step, their presence often influences many aspects of the resultant solids including the morphology. In view that the morphology is an important factor that governs the electrochemical properties of Pt, we considered that the use of an additive during the synthesis of Pt films could be an efficient method to improve the properties of the Pt electrodes for DSSCs. In this study, therefore, we studied the effect of a polymeric additive. We chose hydroxypropyl cellulose (HPC) for this study because HPC is often used as a thickener in preparing the porous metal oxide electrodes of DSSCs. 13, 14) We prepared Pt electrodes by the thermal decomposition of H 2 PtCl 6 with and without HPC in the precursor solution. We found that HPC prevents the agglomeration of Pt particles during the thermal decomposition of H 2 PtCl 6 and leads to an increased surface area of Pt on the Pt electrode. DSSCs with such Pt electrodes showed improved cell efficiencies.
Experimental Section

Platinization of FTO
Each of the 5 mM Pt precursor solutions was prepared by mixing a 5 mL of 10 mM H 2 PtCl 6 (Aldrich) solution and a 5 mL of solution containing an appropriate amount of HPC (Aldrich). 1-methoxy-2-propanol (anhydrous, Aldrich) was used as a solvent. The amount of HPC was adjusted to be 0, 0.005, 0.02, 0.04, or 0.08 g in 10 mL of the precursor solution. The resultant Pt electrodes and DSSCs corresponding to these HPC contents will be denoted as A, B, C, D and E, respectively. For the electrode, a FTO substrate was cut into small squares of 1:5 Â 1:5 cm 2 in area. Each piece of FTO was drilled to make a hole and washed consecutively with a detergent solution, ethanol and acetone. After washing, the FTO substrate was heated at 300 C for 1 h to completely remove organic residues and moisture. Then, 10 mL of the Pt precursor solution was dropped on the FTO substrate, followed by thermal treatment at 450 C for 15 min.
Preparation of porous
TiO 2 electrode and cell fabrication 10 mm thick porous TiO 2 films were prepared by using commercial TiO 2 nanoparticles (P25, Degussa) following the standard method.
15) The cell area was fixed to be 0.28 cm 2 . After calcination at 450 C for 30 min, the films were cooled and soaked in a 0.3 mM ethanolic N3 dye (Solaronix) solution overnight. A DSSC was fabricated by sandwiching a platinized FTO and a TiO 2 electrode using SX-1170-60 (Solaronix) as a sealant. An electrolyte (0.1 M LiI, 0.05 M I 2 , 0.6 M 1,2-dimethylimidazolium iodide and 0.5 M tert-butyl * Corresponding author, E-mail: ywkwon@skku.edu pyridine in acetonitrile) was injected through the hole on the platinized FTO.
Analysis methods
The morphology of the Pt electrode was studied by a field emission scanning electron microscopy (FE-SEM; JEOL JSM-7401F). The Pt electrodes were analyzed with cyclovoltammetry (CV) and electrochemical impedance spectroscopy (EIS). The CV data of Pt electrodes were recorded in a three electrode system with an electrolyte composed of 1 mM I 2 , 10 mM LiI and 0.1 M LiClO 4 in acetonitrile. A Pt wire was used as a counter electrode and a Ag/AgCl electrode was used as a reference electrode. To calculate the surface areas of the Pt electrodes, CV measurements were conducted in a 0.1 M H 2 SO 4 aqueous solution. All the electrochemical measurements were conducted with a potentiostat (Ivium CompactStat). To measure EIS of the Pt electrodes, a similar setup as a DSSC was used. 16 ) Two platinized FTO glass substrates were sandwiched and sealed with SX-1170-60 strips as a spacer. Then the cell was filled with an electrolyte composed of 0.5 M tetrapropylammonium iodide (TPAI), 0.05 M I 2 in propylene carbonate (PC). The measurement was performed in the range of 10 5 Hz$0:01 Hz with a 10 mV of amplitude. The solar cell efficiency was obtained with a Keithley 2400 sourcemeter under 100 mW cm À2 light illumination (Solsim, Luzchem).
Results and Discussion
Morphology of Pt electrodes
We synthesized Pt electrodes by thermal decomposition of H 2 PtCl 6 solutions on FTO substrates. Various amounts of HPC were introduced in the precursor solutions, and the effects were investigated. Since the H 2 PtCl 6 content is not changed, the amounts of Pt on the Pt electrodes are expected to be constant regardless the HPC contents. Figure 1 shows the FE-SEM images of Pt electrodes A and C prepared without and with HPC used in the precursor solutions, respectively. In both cases, Pt nanoparticles were formed on the FTO surfaces. Aggregated Pt particles are observed when no HPC used (A, Fig. 1(a) , in solid circle). Most of the Pt particles are located between the FTO grains and only a few are on the FTO grains. On the contrary, the image of C (Fig. 1(b) ) shows that the Pt particles are well dispersed both on the grains and between grains. The morphologies of the other Pt electrodes (B, D, E) were similar to C. (data not shown) Clearly, HPC helps the homogeneous distribution of Pt particles on the FTO surface, probably because it prevents the movement of the Pt precursors to be accumulated on the grain boundaries.
Electrochemical analyses
The electrocatalytically active Pt surface areas of the Pt electrodes are compared in Fig. 2 . These data were obtained by integrating the CV curves in a 0.1 M H 2 SO 4 solution with reference to the theoretical value of Pt monolayer (240 mCcm À2 ). 17) The surface area is increased by the addition of HPC by 20$30% depending on the HPC content. The morphologies from the SEM images can explain the increase of the surface area. Figure 2 indicates that there is an optimal content of HPC, close to the composition for sample C, for obtaining a large surface area.
The electrochemical properties of the Pt electrodes corroborate with the trend of the surface area data, but with some fluctuations. The CV curves on the Pt electrodes on the red-ox reactions between I À and I 3 À ions 8) (Fig. 3) clearly show that the electrodes prepared with HPC have larger cathodic and anodic peaks than that without (A). Figure 4 shows the Nyquist plots recorded with symmetric Pt/electrolyte/Pt cells made of the Pt electrodes prepared in this work. Each Nyquist plot is consisted of two semicircles: The one at the high frequency region corresponds to the impedance of the electron transfer at the Pt electrode (R ct ) and the other at Effects of Organic Additive during Thermal Reduction of Platinum Electrodes for Dye-Sensitized Solar Cellsthe low frequency region is for the Warburg diffusion of I 3 À in the electrolyte. 8, 16) The Nyquist plots show that R ct is decreased by the addition of HPC. It is known that R ct decreases when the catalytic activity of the Pt is enhanced. 8, 16) Therefore, based on the foregoing results from SEM and electrochemical analyses, we can conclude that the addition of HPC during the formation of the Pt electrode increases the dispersion of Pt and, hence, the electrocatalytic performance of the resultant Pt electrodes.
Photovoltaic performances of DSSCs
The photovoltaic performances of DSSCs fabricated with the differently prepared Pt electrodes are summarized in Table 1 . The influence of the morphology of the Pt electrode is well-reflected in the short-circuit current (J sc ) values. The increased J sc values with the addition of HPC correlate well with the enhanced catalytic activities to I À /I 3 À red-ox reaction and decreased R ct . On the other hand, the open-circuit voltage (V oc ) and the fill-factor (FF) are more or less constant throughout the series. The overall conversion efficiency of C is the highest which is increased by 12.7% from that of A.
Above results suggest that the control of the morphology of the Pt electrode can be a way to further increase the performances of DSSC. Additional studies are required to optimize the morphology.
Conclusion
We demonstrated a method to improve the performance of Pt electrodes prepared by thermal decomposition of Pt precursor solutions. The addition of HPC in the precursor solution leads to more homogenously dispersed Pt nanoparticles with enhanced catalytic activities. The DSSCs fabricated with these Pt electrodes showed improved overall conversion efficiencies. The DSSC performance data show that the distribution of the Pt precursor at the surface is an important factor for the performance, suggesting a new direction of research for further improvement of DSSCs. Certainly, our results are not optimized in terms of achieving the best dispersion condition of Pt nanoparticles, which will be possible through further studies by using various dispersion agents and various conditions. 
